Inherited neurological mutations in the dog represent a rich potential resource for neuroscientific investigation, but this natural resource has been difficult to access because the dog genome is virtually unmapped (Meera Khan et al. 1993) . The introduction of PCR-based methods to identify molecular polymorphisms in genomic DNA has dramatically increased the power of the positional cloning strategy to locate genes of interest. A substantial increase in resolution over RFLP markers has been accomplished with the discovery of abundant, widely dispersed, and highly polymorphic dinucleotide repeats (Litt and Luty 1989; Love et al. 1990; Weber and May 1989) . While this method has led to dense genetic maps of several organisms, it does require substantial effort to isolate the repeats and to sequence the flanking regions so that correctly specified primers can be produced. Primers flanking polymorphic (dC-dA) n -(dG<lT) n microsatellites have been reported for the dog (Fredholm and Wintero 1995; Holmes et al. 1993; Ostranderet al. 1993) .
A conceptually complementary method to investigate the genome was introduced, in which short arbitrary sequence primers (typically a single 8 to 12 mer) amplify a set of anonymous sequences from genomic DNA McClelland 1990, 1991; Williams et al. 1990 ). One gains the advantage of avoiding preliminary sequencing to generate primers, but at the cost of losing information about specific loci. At sufficiently low annealing temperatures (35°C-42°C) arbitrary sequence primers typically produce 10-40 bands between 200 and 2200 bp. A small and variable fraction of these anonymous sequences are polymorphic and sufficiently reproducible to be used as genetic markers and have been denoted RAPD markers, for random amplified polymorphic DNA. Using this technique, Nadeau and Serikawa (Nadeau et al. 1992; Serikawa et al. 1992 ) distinguished between inbred mouse strains and mapped polymorphisms to specific chromosomes; Serikawa et al. (1992) mapped polymorphisms in the rat; and Y chromosomelinked markers were identified in the mouse (Wardell et al. 1993 ).
An alternative to arbitrary sequence primer PCR is motif sequence PCR (Birkenmeier et al. 1992) . In this method, primers are designed to amplify genomic regions that contain common sequence motifs. It retains the property of interrogating the entire genome and yielding multilocus products. In theory the set of amplified anonymous sequences should be enriched in gene sequences.
We investigated the efficacy of AP-PCR to detect polymorphisms in the dog ge-nome for positional cloning. We compared two groups of arbitrary sequence primers and several motif sequence primers on three panels of dog DNA. The data gave us the opportunity to calculate the average heterozygosity for a multilocus DNA fingerprint (Stephens et al. 1992) . For the purpose of mapping the dog genome, both arbitrary and motif sequence primers would produce markers at type 11 loci (O'Brien et al. 1993) , in common with microsatellites.
Materials and Methods
Genomic DNA DNA was obtained from peripheral blood of nine breeds of dog. Our colony at the University of Tennessee was the source of DNA from 11 Belgian sheepdogs, a Siberian husky, and 6 beagle purebreds. The Belgian sheepdogs are all members of a single family that has been maintained and bred since it was discovered that they contained a heritable achiasmatic phenotype (Hogan and Williams 1995; Williams et al. 1994) . Additional DNA was kindly provided by Dr. Elaine Ostrander for the following breeds: Newfoundland, Samoyed, Scottish deerhound, and beagle. Dr. Ben Hershfield also kindly provided DNA from an English cocker spaniel, miniature schnauzer, Doberman, and beagle. A standard panel of DNA from dogs of seven different breeds was established, with composition as follows: (1) Newfoundland, (2) Samoyed, (3) Siberian husky, (4) English cocker spaniel, (5) beagle, (6) miniature schnauzer, (7) Doberman, (8-10) three Belgian sheepdogs (Groenendael subtype).
PCR Protocol
Primers. Two groups of arbitrary primers and one group of motif sequence primers were used. One arbitrary primer set was taken from Nadeau et al. (1992) and consisted of their primers 6A, 8D, 8D2, 8D3, and 8D11. The other set of arbitrary sequence primers were designed using a random number table. Sequences having 6/10, 5-6/11, and 7/12 G + C content were selected; a G + C content of 60% had been found to produce the largest number of well-resolved bands (Nadeau et al. 1992) . Nucleotide sequences were then evaluated to determine if any three consecutive bases of the reverse order sequence were complementary to any three consecutive bases of the original sequence. If there were such a partial palindrome, then the sequence was rejected. Five arbitrary sequence primers were generated: Rand-1: 5'-GAT GCG ACT CAG-3' Rand-3: 5'-GTA TGC CCT AAG-3' Rand-4: 5'-ACT AAC CGC CT-3' Rand-6: 5'-CAG CCG TGA A-3' Rand-7: 5'-ACT GTC CAC C-3'
The second class of primers was taken from Birkenmeier et al. (1992) . They are primers with sequences selected from portions of promoter elements and protein motifs. We used the following primer pairs with nomenclature according to Birkenmeier et al. (1992) : 3 and 8, 4 and 11, 22 and 27, and 24 and 25. These pairs were 13-18 bp in length.
All primer sequences were synthesized by the Molecular Resources Center of the University of Tennessee, Memphis, on an Applied Biosystems synthesizer and obtained in ammonium hydroxide solution. Solutions were dried in a vacuum drier, dissolved in T.E. to yield a stock solution of concentration 100 \xM. Aliquots of primers were taken and diluted to 10 |j.M in deionized, distilled, autoclaved water.
The PCR of genomic DNA used the optimized protocol of Nadeau et al. (1992) with an MJ Research programmable thermal cycler. PCR reactions were carried out in a volume of 25 |j.l and contained the following reagents: 1 J LJ LI of 100 ng/jjd genomic DNA, PCR buffer containing 1.5 mM MgCl 2 , 0.2 mM dNTPs, 1.25 units Taq DNA polymerase (GIBCO BRL, Promega, or Perkin Elmer), and 1.2 \xM primer. If Promega Taq DNA polymerase in storage buffer "A" was used, Triton-X was added to yield a concentration of 0.1%. Mineral oil (50 (j.1) was layered on top of each reaction mixture.
We found some band variation between PCR runs that we believe to be an effect of the freeze-thaw cycling of MgCl 2 stock solution (Hu et al. 1992 ; data not shown). The different brands of Taq DNA polymerase and the buffers provided with them also caused some variation in the appearance of bands.
Electrophoresis. A 6 jxl aliquot of the 25 (j. 1 PCR reaction was added to 1 JJ. 1 of loading dye and was run on a 3% Nusieve GTG agarose gel (FMC Bioproducts). The gelsize was 7 x 10 cm (Hoefer HE33 horizontal unit). Electrophoresis parameters were 100 V, buffer lx TAE, running time 2.5 h. A specific procedure was found to be necessary to produce flat, well-resolved bands across the gel. After heating to boiling, the agarose was allowed to cool at room temperature with stirring for 30-60 s, then was immersed in an icewater bath to cool with gentle stirring as quickly as possible, monitoring with a thermometer, to 36°C-39°C, at which point the agarose was poured into minigel casting units to a depth of approximately 3 mm. If poured at 50°C, recommended as the maximum temperature for the casting units, bands were invariably wavy, smeared, and unresolved. Cooling to 39°C with stirring before allowing the agarose to become motionless consistently produces a flat field of well-resolved bands. Gels were poststained with ethidium bromide, rinsed, and placed on a ultraviolet lightbox for photographic documentation.
Analysis. Three panels of DNA were constructed: (1) a panel of dogs of seven different breeds (10 dogs), (2) a panel consisting only of Belgian sheepdogs (10 dogs), and (3) a panel consisting only of beagles (6 dogs). These were the three levels of the factor panel type. We scored gel quality, base pair size range of PCR product, average number of bands per primer per lane, number of polymorphisms, and size of polymorphism in base pairs. A polymorphism was defined as a visibly perceptible band at a given molecular weight contrasted with background level at the same molecular weight in at least one other dog's genome (lane) on the same panel. The size of the minigels used in this study (7 X 10 cm) limited the accuracy with which closely grouped bands in different lanes could be identified as being of different or equal molecular weights, and hence as being polymorphic.
The average heterozygosity for each gel was calculated. The effects of primer class and panel type were evaluated with a twofactor fixed effects ANOVA (Zar 1984) . Because of the observed heteroskedasticity, we also calculated a nonparametric ANO-VA (Scheirer et al. 1976 ). The Tukey test was used for multiple comparisons to determine which levels of a factor were significantly different (Zar 1984) .
Results

General Comments
Discrete bands were obtained in the range of 200-2000 bp. Arbitrary primers tended to give DNA bands at the higher range, while motif-based primers were more successful in giving lower-size bands. The number of bands per lane, across all panels of dogs and all primers, was 19.1 ± 5.84 (mean ± standard deviation). The data are summarized in Tables 1 and 2 .
Polymorphisms in Multiple-Breed Panels We constructed test panels with the hypothesis that dogs of different breeds Figure 1C ) was found to be present in 10 of 10 Belgians ( Figure 4A ). Individual dogs of different breeds may have identical or very similar band patterns for a given arbitrary sequence primer. In the case illustrated in Figure 2A , the Newfoundland, miniature schnauzer, and Doberman fall into one group having an intensely staining PCR product at approximately 600 bp (arrowhead), whereas the Samoyed, Siberian husky, English cocker spaniel, beagle, and Belgian sheepdogs fall into another group that lacks this band. Examination of the seven-breed panel with other primers did not reveal other instances where a polymorphism similarly defined these two groups, but rather each primer generated its own pattern among breeds (data not shown).
Polymorphisms Within a Single-Breed Panel
We looked at the PCR products of up to 11 line bred Belgian sheepdogs and 6 beagles. The Belgian sheepdogs' DNA offered no surprises. There were far fewer polymorphisms between these related sheepdogs than was found in the seven-breed standard panel. However, we also found an unexpectedly high rate of polymorphic bands in the beagle panel. The average heterozygosity of the beagle panel was higher than the seven-breed panel (Table  2 ), although the difference was not statistically significant. The Belgian sheepdog panel had a significantly lower average heterozygosity than the beagle panel, but not than the seven-breed panel.
A comparison of individuals of two different breeds [10 Belgians ( Figure 3A ) and 6 beagles ( Figure 3B )] illustrates that there are polymorphic PCR products that are of intermediate frequency in each breed. For example, with primer Rand-1, 6 of 10 Belgians have a doublet, as do 2 of 6 beagles. Another example is illustrated in Figure 2B (using primer 6A), 2 of 6 beagles having a bright band at 600 bp which the Newfoundland, miniature schnauzer, and Doberman have (Figure 2A) .
Two polymorphic products were found that strongly differentiated between Belgian sheepdogs and beagles. The motif sequence primer pair 3 + 8 produced a polymorphic band that was present in 0 of 10 Belgians, but in 5 of 6 beagles (arrowhead A in Figure 4A ,B). Another band was present in 10 of 10 Belgians, but apparently Figure  2A ) is present in lanes 11 and 12 and absent in 13-16. Although this polymorphic band suggests a subgrouping of related breeds in Figure 2A , the fact that the band is present in 2 of 6 of the beagles overall suggests that the frequency of this polymorphic band within other breeds (Figure 2A ) must be similarly complex, and that the true genetic relatedness of breeds can only be determined by typing many individuals.
only within a triplet in 3 of 6 beagles (arheterozygosity for each primer panel. Our null hypotheses for the two factors can be summarized by the statements (1) there are no differences in the mean average heterozygosity for the seven-breed, beagle, and Belgian panels, and (2) there are no differences in the mean average heterorowhead B in Figure 4A ,B).
Statistical Results
We compared three panels of dog DNA, and three primer sets, calculating average Figure 2B ). Polymorphic bands (arrowheads) are of intermediate frequency in both Belgians and beagles and cannot distinguish between the breeds. The polymorphic pair at approximately 600 bp show absolute concordance and may be fragments of a single allele at one locus, as suggested by Stephens et al. (1992) .
zygosity for Nadeau, new arbitrary, and motif sequence primers. The validity of a parametric ANOVA is based on the assumptions of normal distribution of the data and equal variances of the samples, but because the calculated variances of the factor levels were not homogeneous (varying by a factor of four; data not shown), we recalculated the ANOVA with ranked data, that is, nonparametrically. The Kruskal-Wallis statistic showed a statistically significant difference between the three panels of dog DNA (H = 10.086, x 2 = 9210, a = 0.01). A nonparametric Tukey-type multiple comparisons test revealed that the Belgian panel differed from the beagle panel (g = 4.466, critical q = 4.424, a = 0.005). The sevenbreed panel average heterozygosity was intermediate between the Belgian panel (q = 3.006, critical q = 3.314, a = 0.05), and the beagle panel (q = 1.460, critical q = 3.314; a = 0.05), and not significantly different from either panel.
Our data generally obeyed the four empirical conditions relating to the application of the heterozygosity calculations to single probe multilocus fingerprints as set forth by Stephens et al. (1992, p. 730) : "(1) multiple loci are screened simultaneously with a single probe; (2) these loci are generally unlinked and otherwise genetically independent; (3) many (often more than 10) bands of unknown genetic relationship to each other, are observed in each individual; and (4) a pair of bands may be alternative alleles at a single locus or may be alleles at two different loci, but they are generally not both fragments of the same allele at a locus." We note however two instances of possible violations of condition (4). The absolute concordance of two bands (Figure 3 , arrowhead; also Figure  4B ) may denote two fragments of a single allele. However, we do not believe that two cases of absolute concordance in 42 gels nullify the applicability of heterozygosity calculations to multilocus fingerprints produced by arbitrary sequence primers.
There was no statistical difference among primer classes in their mean average heterozygosities. For each of the ANO-VA calculations (with mean values shown in Table 2 ) , the power of the ANOVA was less than 0.3 (with a = 0.05), therefore there is greater than 70% chance of making a type II error-of not rejecting a null hypothesis (of no difference between primer classes) that is in fact false. However, the difference between the arbitrary primers and motif sequence primers was so small that to increase the power of the 18 and 19) ; lanes 11 and 12 are the same beagle, and lanes 6 and 18 are the same Belgian. Polymorphic band at arrowhead A is present in 0 of 10 Belgians, while present in 5 of 6 beagles. Band at arrowhead B is present in 10 of 10 Belgians, while present only within a triplet in 3 of 6 beagles.
ANOVA to 0.8 with a minimum detectable difference equal to the largest difference, we found would require quadrupling the number of primers tested, with no additional information gained as to the nature of the PCR products.
Discussion
Experiments in mice and rats (Nadeau et al. 1992; Serikawa et al. 1992) showed that arbitrary short-sequence primers produced polymorphisms that could differentiate inbred strains and were inherited in a Mendelian manner. Rothuizen and van Wolferen (1994) have further shown that RAPD markers are inherited in a Mendelian manner in dogs, as did Johnson et al. (1994) in zebrafish. We have found that arbitrary primers often produce at least 40% more bands in dogs than Nadeau et al. (1992) found in mice, and our heterozygosity calculations indicate that there are on average 19.2 ± 2.16 (mean ± 95% CI) loci amplified per primer. Gwakisa et al. (1994) found RAPD markers in Zebu cattle breeds that were relatively breed specific. One particular band (the ILO 1127-primed PCR) was present in 61% of one breed, in only 6% of another, and not at all in a third (Gwakisa et al. 1994) . The panel of six unrelated beagles ( Figure 2B ) hints that there is probably a more complex situation underlying the differences between breeds shown in Figure  2A . Fredholm and Wintero (1995) , reporting on 20 polymorphic (dC-dA) n -(dG-dT) n microsatellite loci, found considerable differences in allele frequencies between two dog breeds. We expect analogous differences between breeds in band frequencies produced by arbitrary sequence primers.
It is natural to expect more polymorphisms between dogs of different breeds than within a breed. We in fact saw more polymorphisms on a multibreed panel than on a line bred family panel. However, we also saw on average more polymorphisms between unrelated individuals of a single breed (beagles) than between 10 representative dogs from seven breeds. The reason for this is unclear, however, it could suggest that the canine species has a high background of polymorphism and that a relatively restricted set of gene loci are responsible for the production of significant phenotypic change resulting in distinct breeds. We note, however, that by including three members of an inbred family in the seven-breed panel (three of our Belgian sheepdogs) we may have unfairly reduced its overall variation relative to the beagles.
We found polymorphic bands that strongly differentiated between two breeds of dogs. The polymorphic band at approximately 200 bp (arrowhead, Figure 1C) , was found to be present in 100% of the Belgians (n = 10), absent in the single representatives of five other breeds, and either absent (n = 3), or present only within a triplet (n = 3) in beagles (band B in Figure 4A ,B). We also found a PCR product that was present in 5 of 6 Beagles and 0 of 10 Belgians; this band is at approximately 1100 bp with Birkenmeier et al. primers 3 + 8 (band A in Figure 4A ,B; it is not visible in Figure 1C because the MgCl 2 dropped below 1.5 mM). Such "all-or-none" polymorphisms would be the most valuable ones for identifying specific dog breeds. Hershfield et al. (1993) have found a particular RFLP allele that was only present in 2 of 50 dogs, uniquely identifying two breeds of schnauzer. Though it is unlikely to find a 100% breed-specific polymorphism when comparing the over 100 recognized dog breeds, the goal would be to identify combinations of bands that appear with high frequency and relative exclusivity in specific breeds. Alternatively, estimating nucleotide divergence for diploid organisms using RAPD data (Clark and Lanigan 1993) provides a method for numerical comparison of dog breeds. An unknown dog could be identified by calculating its best fit position on a divergence tree structure of breeds. The applicability of RAPD data to different calculations show that the technique of AP-PCR can be a natural complement to microsatellites in the investigation of the sparsely mapped genome of the dog.
